Abstract. Neuropeptide and neurotrophin receptors are increasingly important molecular targets in cancer. Scientific findings indicate that compounds blocking gastrin-releasing peptide receptors (GRPR) or tropomyosin receptor kinase (Trk) receptors are likely to have antiproliferative activities against cancer cells. The present study aimed to demonstrate that, in contrast to previous findings, GRPR activation reduces, whereas its blockade increases the viability of breast, ovarian and cervical cancer cell lines. However, consistent with previous studies, Trk inhibition was demonstrated to reduce the viability of these cells. MCF-7 (breast), OVCAR-3 (ovarian) and HeLa (cervical) human cancer cell lines were treated with GRP, the GRPR antagonists RC-3095 and RC-3940-II, brain-derived neurotrophic factor (BDNF) and the Trk antagonist K252α. Cell viability was measured by the MTT assay. Expression of GRPR and BDNF was confirmed with reverse transcription-polymerase chain reaction (RT-PCR). GRP reduced, whereas RC-3940-II enhanced the viability of the three cell lines. Treatment with K252α inhibited the viability of the cell lines, while BDNF increased the viability of OVCAR-3 cells. The results supported the hypothesis that GRPR and BDNF/TrkB signaling regulates cancer cell viability. Most importantly, these findings are the first to demonstrate that GRPR blockade can stimulate, rather than inhibits the viability of breast and gynecologic cancer cell lines.
Introduction
Increasing evidence indicates that neuropeptide and neurotrophin receptors and their ligands may be overexpressed in cancer cells and are involved in cell survival and growth. Neuropeptide receptors aberrantly expressed in several human cancers include the gastrin-releasing peptide receptor (GRPR), activated in mammals by the bombesin-like neuropeptide gastrin-releasing peptide (GRP). GRPR activation has been shown to stimulate cancer cell proliferation, whereas GRPR antagonists to reduce tumor growth in a range of experimental cancer models (1, 2) . In gynecologic cancers, GRPR is likely to be highly expressed in breast, ovarian and cervical tumors, as well as in breast cancer cell lines, whereas its expression is low or absent in non-neoplastic tissue and healthy cells (1, (3) (4) (5) (6) (7) (8) . The pharmacological blockade of GRPR by synthetic peptides acting as selective antagonists (RC-3940-II, RC-3095) has been shown to reduce human breast and ovarian tumor growth xenografted into nude mice (9) (10) (11) .
Additional growth factor receptors increasingly implicated in tumor progression include tropomyosin receptor kinase (Trk) receptors. Trks are receptor tyrosine kinases activated endogenously by neurotrophins. TrkA, TrkB and TrkC are the preferred receptors for nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF) and neurotrophin-3 (NT-3), respectively (12) . Increased BDNF and TrkB expressions have recently been found in several human tumors (13) (14) (15) . BDNF/TrkB promote cancer cell survival and resistance to chemotherapy, while small-molecule inhibitors of Trk, such as K252α, inhibit cell growth and induce apoptotic death in cancer cells (16) (17) (18) (19) . TrkB expression has been described in ovarian and cervical cancers (20, 21) , while being associated with a shorter survival and the promotion of metastasis in ovarian cancer patients (20 in cell proliferation, migration and suppression of anoikis (22, 23) . In breast cancer, BDNF expression has been shown to be higher in tumor samples compared to non-neoplastic tissues, while BDNF transcript levels have been associated with unfavorable pathological parameters and adverse clinical outcomes (24) . Moreover, BDNF has been shown to induce resistance to apoptosis in breast cancer cells, while injection of an anti-BDNF antibody has been proven to reduce the growth of breast tumors xenografted in mice (25) . The present study aimed to explore the effects of GRPR and TrkB ligands on the viability of human breast, ovarian and cervical cancer cells in vitro. Notably, under the experimental conditions used in this study, GRP produced a small, but statistically significant reduction of cell viability, whereas the RC-3940-II-induced GRPR blockade led to a statistically significant increase in cell viability. In addition, K252α-induced Trk inhibition was found to have reduced cell viability. (10), human recombinant BDNF (1, 10 or 100 ng/ml; Sigma-Aldrich) or K252α (0.01, 0.1 or 1 µM, Sigma-Aldrich). The cells were kept at a temperature of 37˚C, in a minimum relative humidity of 95% and an atmosphere of 5% CO 2 in air.
Materials and methods

Cell
MTT assay. The cell viability was measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT; Sigma-Aldrich) 48 h subsequent to treatment. Eleven microliters of MTT 5 mg/ml solution were added to each well of the plate, followed by incubation for 4 h at 37˚C. The plate was left at room temperature until completely dry. Dimethyl sulfoxide was added and the absorbance was measured at 492 nm in a multiplate reader. The experiments were performed at least in triplicate.
Reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA was extracted from MCF-7, OVCAR-3 and HeLa cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), in accordance with the manufacturer's instructions, and reverse transcribed with SuperScript ® III First-Strand Synthesis SuperMix ® (Invitrogen). The human BDNF and GRPR primers were designed according to the corresponding GenBank sequence. The forward and reverse primers used for RT-PCR amplification are shown in Table I . The PCR experiments were carried out with 1.5 mM MgCl 2 , 0.1 µM for each primer, 0.2 mM dNTPs, 0.5 M betain (only to BDNF primers), 1 unit Taq Platinum ® (Invitrogen) and 2 µl cDNA template. The expression of β-actin was measured as an internal control using the primers shown in Table I . The PCR reaction was performed in a total volume of 20 µl using a concentration of 0.04 mM dNTPs, 0.2 units Taq polymerase in the supplied reaction buffer, 0.3 mM MgCl 2 and 10 pmol of each primer. Amplification conditions consisted of 1 min at 95˚C followed by 35 cycles of denaturation at 94˚C for 30 sec, annealing at 59˚C for 30 sec, extension of primers at 72˚C for 45 sec, followed by a final extension at 72˚C for 10 min. The products of BDNF (362 bp), GRPR (190 bp) and β-actin (190 bp) were electrophoresed through 2% agarose gels, stained with ethidium bromide and visualized under ultraviolet illumination (17, 26, 27) . Each experiment was performed twice using RNA isolated from two independent cell cultures.
Statistical analysis. Data were shown as the mean ± SEM. Differences between the mean values were evaluated by one-way analysis of variance followed by Tukey post hoc tests, when appropriate. In the comparisons, P<0.05 was considered to indicate a statistically significant difference.
Results
GRPR activation reduced, whereas GRPR blockade increased the viability of MCF-7, OVCAR-3 and HeLa cells.
Treatment with recombinant GRP induced a small (range, 11.3-36.0%), yet statistically significant reduction of cell viability in the three cell lines studied (Fig. 1A) . Viability was reduced by GRP at all the doses used in MCF-7 cells, with the exception of 0.001 µM in OVCAR-3 cells and only at 1 µM in HeLa cells (Fig. 1B) . The GRPR antagonist RC-3940-II led to increases ranging from 200.1 to 476.8% in the viability of all three cell lines, at all doses used, with the exception of the 0.01 µM in OVCAR-3 and the 5 µM in HeLa cells. The less potent (10) GRPR antagonist RC-3095 demonstrated an increase of ~24% in the viability of OVCAR-3 cells, however, no statistically significant effect was observed in OVCAR-3 or HeLa cells (Fig. 1C) . Given these negative findings, RC-3095 in MCF-7 cells was not tested. These results indicated that GRPR activation reduced, whereas GRPR blockade increased the viability of MCF-7, OVCAR-3 and HeLa cells.
Trk inhibition reduced the viability of MCF-7, OVCAR-3 and
HeLa cells. Treatment with BDNF had no significant effect on cell viability, except for a small effect at a dose of 1 ng/ml in OVCAR-3 cells (Fig. 2A) . The Trk inhibitor K252α demonstrated a notable inhibitory effect on cell viability (ranging from 13.5 to 44.6%), at a dose of 1 µM in the three cell lines, and at a dose of 0.01 µM in MCF-7 cells (Fig. 2B) . These results indicated that Trk inhibition reduced the viability of MCF-7, OVCAR-3 and HeLa cells in a dose-dependent manner. (Fig. 3) .
GRPR and BDNF expression in MCF-7, OVCAR-3 and HeLa cells. RT-PCR analyses demonstrated that MCF-7,
Discussion
The most important finding of the present study is that, in contrast to findings of previous studies (1,2,9-11), pharmacological blockade of the GRPR exhibited an enhancing, rather than an inhibitory action on cancer cells, whereas GRP decreased cell viability. In addition, Trk inhibition was found to reduce the viability of the breast, ovarian and cervical cancer cell lines used, although treatment with BDNF did not alter cell viability.
GRPR antagonists have been previously shown to reduce experimental breast and ovarian tumor growth in vivo (9) (10) (11) . However, the effects of the GRPR agonists and antagonists on cancer cell growth depends markedly on specific cell culture and experimental conditions. Consistent with these hypotheses, Yano et al (28) found that bombesin (showing a GRPR agonistic action comparable to that of GRP) at doses ranging from 0.001 to 1 µM stimulated, while RC-3095 at doses between 0.01 and 10 µM inhibited the proliferation of human breast cancer cell lines only when cells were cultured in heat-inactivated and dextran-coated charcoal-treated FBS (DCC-FBS), but not in the presence of untreated FBS. Additionally, MCF-7 cells failed to respond to bombesin or RC-3095 in the presence of either FBS or DCC-FBS. The authors of that study suggested that bombesin-like peptides or other growth factors present in the culture medium may compete with GRPR ligands, thus altering the cell response to the treatments. Authors of other studies (29) found that bombesin failed to affect MCF-7 cell proliferation, although the cells expressed GRP binding sites, while bombesin stimulated calcium mobilization and inositol lipid hydrolysis. Discrepancies among different studies might be due to differences in cell clones, cell culture conditions and methods used to assess proliferation and viability (e.g., trypan blue dye exclusion vs. MTT) in different laboratories.
In a previous study using Neuro2A mouse neuroblastoma cells, a lower dose of RC-3095 was found to reduce, while a higher dose to increase cell viability (30) . Notably, in experiments examining cancer cell growth (27, 30, 31) , as well as in other experimental models (32) (33) (34) , GRPR agonists and antagonists often show drug-response patterns, in which intermediate doses have more pronounced biological, whereas higher doses have no or even contrary effects. Moreover, the lack of a significant effect of RC-3095 in the present study might be owed to its lower potency compared to RC-3940-II. The latter has been shown to inhibit cancer cell proliferation at lower dose ranges, and was more effective compared to RC-3095, in inhibiting experimental breast cancer cell growth (10) . Taken together, these data raise the possibility that GRPR agonists and antagonists have highly varying effects depending on the dose and the presence of endogenous GRP, as well as other factors in the tissue microenvironment, with potential implications of their effects in vivo in both experimental animals and patients undergoing clinical studies.
Although several molecular mechanisms downstream of GRPR activation have been described and proposed to mediate GRPR-induced cancer cell growth regulation, the mechanisms underlying the stimulatory effects of GRPR blockade on cancer cells observed in the present study and previous experiments (30) remain unknown and have yet to be investigated in future studies. Cell responses to GRPR activation are mediated by multiple protein kinase pathways, including phospholipase C (PLC)/protein kinase C (PKC), mitogen-activated protein kinase (MAPK)/extracellular signal-regulated protein kinase (ERK) and phosphatidylinositol 3-kinase (PI3K) cascades (35) . Studies focusing on experimental breast and gynecologic cancers have demonstrated that GRPR is associated with cell migration and interleukin-8 expression in breast tumors (36) , whereas GRPR antagonists reduce ErbB-2/HER-2 expression in breast cancer cells and epidermal growth factor receptor (EGFR), as well as c-jun and c-fos oncogenes in experimental breast and ovarian tumors (9, 11, 38) .
BDNF/TrkB signaling has been suggested to promote cancer cell survival and resistance to chemotherapy (12) (13) (14) . Previous studies on breast and ovarian cancer cells have suggested that BDNF/TrkB stimulates cell survival and migration (20, 22, 23, 25) . BDNF is likely not to enhance viability since the BDNF/TrkB pathway is already activated at its optimal level by BDNF secreted from the cells as an autocrine factor. The possibility that BDNF is secreted as an autocrine factor from cultured cells would be consistent with our finding that the three cell lines expressed mRNA for BDNF. Results of this study demonstrating that K252α decreased cell viability are consistent with the hypothesis that TrkB needs to be further examined as a potential anticancer target in breast and gynecologic cancers. Since TrkB has the potential to crosstalk with GRPR and other growth factor receptors, including EGFR, in regulating cancer cell survival and proliferation (17, 22) , combining compounds acting on different receptors might prove to be the most effective strategy to inhibit tumor growth by targeting neuropeptide and neurotrophin signaling.
In conclusion, the present study is the first to demonstrate that, at least under certain experimental conditions, GRPR activation negatively regulates the viability of breast, ovarian and cervical cancer cells in vitro. In addition, these findings are consistent with the hypothesis that Trk signaling regulates the viability of breast and gynecologic cancer cells. Experimental findings suggesting that there are conditions under which GRPR blockade stimulates cell viability and proliferation are likely to have implications for the clinical testing of GRPR antagonists as potential anticancer medications. Based on the in vitro findings reported in this study, additional studies using in vivo models and tumor samples from patients are required in order to examine the potential inhibitory role of GRPR activation in breast and gynecologic cancer development.
